Transport of micrometer-sized dust particles in a capacitively coupled radio frequency discharge at low pressures of a few Pa is realized experimentally and understood by a kinetic particle simulation combined with a model. Applying a voltage waveform, which consists of two consecutive harmonics with a variable phase angle, θ , to one electrode, control of both the spatial potential profile and the ion density distribution is obtained by adjusting θ . In this way, the electrostatic and ion drag forces, on dust particles initially located at the sheath edge adjacent to the lower electrode, are controlled. The sudden change of θ leads to an abrupt change of the sheath width. This introduces the particles instantaneously into a high potential that accelerates them to high kinetic energies. The experimental results show that a certain minimum change of the discharge symmetry, i.e. of the phase angle, is required to allow the transport of dust particles through the plasma bulk. Beyond this threshold, a part of the transported particles can even be trapped around the edge of the opposing (upper) sheath.
Introduction
The dynamics of dust particles in plasmas is most relevant for fundamental and applied research covering various disciplines; in astrophysics, the dynamics of dust in the interstellar medium is essential for understanding star formation [1] . For fundamental investigations of strongly correlated mesoscopic many-particle systems dust particles can be introduced into low-pressure plasma discharges [2] . In fusion and lowtemperature plasma reactors, however, accumulation of dust is a major problem for device operation [3] [4] [5] [6] [7] . For optimization of low-temperature discharges used for solar cell manufacturing, e.g. plasma-enhanced chemical vapor deposition of silicon in H 2 -SiH 4 , methods to manipulate and remove dust clouds to prevent dust coagulation and agglomeration are strongly required. Finally, the bottom-up approach of fabricating novel materials, e.g. microelectronics circuits, medical components and catalysts, is based on an enhanced control of nanoparticles in plasmas [8] [9] [10] [11] . Here, we demonstrate a novel method to realize transport control of dust particles in capacitively coupled radio frequency (CCRF) discharges. Similar to previous investigations of phenomena in dusty (complex) plasmas [2, [12] [13] [14] micrometer-sized monodisperse dust particles are introduced into the discharge. The particle motion between the electrodes is affected by several forces (electrostatic, thermophoretic, ion and gas drag, and gravitational forces) [15] [16] [17] [18] [19] [20] [21] . In reactors with horizontal plane parallel electrodes and in the absence of thermophoretic forces, negatively charged dust particles tend to be confined at the sheath edge near the bottom electrode, where the forces balance. In the presence of a strong thermophoretic force threedimensional particle clouds, often termed 'Yukawa balls', can be created [22] .
The dust manipulation method presented here is based on the electrical asymmetry effect (EAE) [23] [24] [25] in CCRF discharges. The EAE allows one to generate and control a dc self-bias, V dc , electrically even in geometrically symmetric discharges. It is based on driving one electrode with a particular voltage waveform, φ(t), which is the sum of two consecutive harmonics with an adjustable phase shift, θ , between both driving frequencies: φ(t) = φ 0 [cos(2πf t + θ) + cos(4πf t)]. Here, φ 0 is the identical amplitude of both harmonics. In such discharges, V dc is an almost linear function of θ . In this way, separate control of the ion mean energy and flux at both electrodes is realized in an almost ideal way. At low pressures of a few Pa, the EAE additionally allows one to control the maximum sheath voltage and width at each electrode by adjusting θ [23] .
The concept of the dust transport method is illustrated in figure 1 , which shows the time-averaged ion density and electric field profiles at θ = 0
• and θ = 90
• . The data are obtained from a 1D3v particle-in-cell/Monte Carlo collisions (PIC/MCC) simulation of an argon discharge operated at f = 13.56 MHz, p = 4 Pa, L = 22 mm electrode gap and φ 0 = 100 V. For θ = 90
• , V dc is maximum and the width of the sheath at the bottom electrode located at z = 0 is small. The dust particles find their equilibrium position at the bottom sheath edge, as indicated in figure 1(b) . Then, θ is changed abruptly from 90
• to 0 • . Consequently, a 'new' time-averaged electric field distribution is established on a timescale of microseconds. Due to their high inertia, the dust particles cannot respond to these fast changes. Initially, they stay at their original equilibrium position, which is now located deeper inside the sheath in the new electric field distribution (see figure 1(b) ). In this way the dust particles gain a high potential energy and are accelerated toward the upper electrode by the electrostatic force. In the following, this concept and the resulting particle transport will be analyzed and understood experimentally and by a model using input parameters from PIC/MCC simulations.
Experimental
The experiments are carried out using a CCRF discharge in argon gas at p = 4 Pa, excited by applying φ(t) with f = 13.56 MHz and φ 0 = 100 V. The lower (powered) and upper (grounded) electrodes of 100 mm diameter are placed at a distance of 22 mm. The plasma is confined radially between the electrodes by a glass cylinder, realizing a geometrically almost symmetric discharge configuration. The chamber and the powered electrode are water-cooled to eliminate the influence of the thermophoretic force. The upper electrode has a 20 mm diameter hole at the center sealed with a fine sieve for injecting SiO 2 dust particles of 1.5 µm size, from a dispenser situated above the upper electrode. An aluminum ring (100 mm outer diameter, 60 mm inner diameter, 2 mm height) is set on the lower electrode to confine the dust particles radially. The injected dust particles are observed using the 'two-dimensional laser light scattering' (2DLLS) method [20, 21] . A vertical laser sheet passes between the two electrodes, with height and width of 20 mm and 1 mm, respectively. The laser power is 380 mW at 532 nm. The light scattered by the dust particles is detected through a side window using a CCD camera (equipped with an interference filter and running at a frame rate of 30 pictures per second).
Results and discussion
After turning the discharge on and setting θ to 90
• , the subsequently introduced dust particles settle near the sheathbulk boundary at the lower electrode at a height of about 4.8 mm (in time domain I, t < 0, see figure 2(b)). Then, an abrupt change in the phase (θ = 90
• → 0 • ) is performed at t = 0. Following the phase shift, the ion density and the time-averaged electric field profiles change within a few microseconds, as shown in figure 1. Most dust particles are transported upwards into the plasma bulk during a transient state (time domain II). Thereafter, a fraction of the particles reaches the plasma sheath region near the upper electrode and settles there, i.e. sheath-to-sheath transport is realized. The others are transported back towards the sheath adjacent to the lower powered electrode (in time domain III). We observe that a large-enough change in the self-bias voltage is required to transport dust particles through the plasma bulk. The magnitude of this change can be controlled by the magnitude of the phase shift (see figure 2(a) ). There is a difference between V dc resulting from the simulation and experiment, i.e. V dc is more negative in the experiment (see figures 1(a) and 2(a)). This difference is caused by the parasitic capacitive coupling between the glass cylinder and the grounded chamber walls [24] . The maximum displacement of dust particles following the abrupt phase shift is shown in figure 3 as a function of the change in the normalized dc self-bias voltage,
• results in V dc = 47%, and θ 2 = 50
• results in V dc = 20%. The sheath-to-sheath transport is realized at V dc,min 28% at 4 Pa. We observe a strong pressure dependence of V dc,min , which may be attributed to gas drag [3, 26] .
In order to understand the physical mechanisms that cause the dust transport, we calculate the time-averaged forces acting on the particles, i.e. the ion drag force, F i , the electrostatic force, F e , and gravity, F g , as a function of the position between the electrodes using input parameters from PIC/MCC simulations [27, 28] at θ = 0
• and 90
• . There are various models describing F i [15, 29] . Here, the model of Barnes et al [15] is adopted. The ion drag force [5, 15, 16 ] is calculated according to F i = F coll + F orb , where F coll and F orb are the collection force due to ions hitting the particle surface and the orbit force due to Coulomb collisions with the drifting ions, respectively. The collection force is described as F coll = n i v s m i v i πb 2 c . Here n i , m i and v i are the ion density, mass and drift velocity, respectively. The mean ion velocity v s and the collection impact parameter b c [15] are
Here k B and T i are the Boltzmann constant and the ion temperature, respectively. r p , q and φ f are the radius of the dust particles, the elementary charge and the floating potential of the particles relative to the plasma potential, respectively. The orbit force due to Coulomb collisions is given by
, where b π/2 and are the impact parameter and the Coulomb logarithm:
Q p , 0 and λ De are the charge of the dust particles, the vacuum permittivity and the Debye length, respectively. The electrostatic force, F e , and gravity, F g , are simply expressed as F e = Q p E and F g = m p g. Here E is the (time-averaged) electric field. The mass of a dust particle m p is 3.5 × 10 −15 kg. In order to calculate these forces, the particle charge is assumed to be constant and estimated to be Q p = 1000q [5] . This assumption is clearly a simplification in the model, since there is probably some dynamics of the dust charge when exposed to areas of different plasma densities [30] . E, n i , v i , φ f , T i and λ De are taken as input parameters from our simulations. The simulations are performed in pure argon, although PIC/MCC simulations of dusty plasmas have already been reported [31] [32] [33] . This approach is based on the assumption that the dust represents only a minor perturbation to the plasma. Due to these simplifications a detailed quantitative agreement of the simulation with the experiment cannot be expected. However, the forthcoming analysis shows that this simplified approach is able to explain the experimental observation of the particle transport qualitatively. Figure 4 shows the spatial profiles of F i , F e and F g as well as the sum of these forces, F tot , at θ = 90
• and 0
• . There are three positions, where the forces balance. The balance point at the center of the plasma bulk, however, corresponds to an unstable equilibrium. Thus, there are only two positions of stable equilibrium at either sheath edge (see figures 4(b) and (d)), where the particles are observed experimentally. The spatial profiles of the potential energy for each value of θ, derived from the net forces exerted on the dust particles (figure 4), are displayed in figure 5 . For each value of θ , there are two local minima of the potential. For θ = 0
• , the widths of the corresponding potential wells are L 1 (upper potential minimum) and L 2 (lower potential minimum), respectively. The values of both potential minima and their widths are different due to the effect of the gravitational force. By changing the phase shift abruptly (θ = 90
• → 0 • ), the dust particles initially located at the position of vanishing potential at θ = 90
• close to the bottom electrode are suddenly located in a region of high potential due to their inertia. Consequently, they are transported upwards toward the top electrode. During their transport friction, i.e. the gas drag force, reduces their velocity. The gas drag force is expressed by the collision frequency ν p for momentum loss between dust particles and gas atoms [34] as
Here v n is the drift velocity of the gas atoms. ν p is given by
where m n , n n and v th,n are the mass of a gas atom, their number density and their thermal velocity, respectively. The coefficient δ is 1 (specular reflection) or 1+8/π (perfect diffuse reflection) [5, 26, 34] . By estimating the sheath voltage from the applied voltage in the experiment [23] and the position of dust particles from figure 1(b), their initial velocity is calculated to be 2.7 m s −1 . Because of this large velocity and the high mass ratio of the dust particles compared with the gas atoms, the mean free path of the dust particles is found to be several times as large as the bulk length independent of δ. Therefore, the dust particles bounce between both sheaths several times, while their velocity is reduced due to the gas drag force. Finally, the dust particles, whose kinetic energy is lower than the central maximum of the potential energy in the plasma bulk, are trapped inside the local minimum of the potential profile around either the upper or the lower electrode. The probability of the sheath-tosheath transport is estimated to be
The position of the lower minimum agrees well between the experiment and the simulation (z ≈ 7.5 mm; see figures 2 and 5). In the experiment the upper minimum is located at z = 18.5 mm, whereas the simulation predicts about 16 mm. This agreement is also reasonable; the differences may be attributed to the possible agglomeration of dust particles, which increases the apparent particle mass. The latter effect makes the potential profile more asymmetric and the upper potential minimum becomes very shallow and narrow, resulting in a small number of dust particles transported toward the upper potential minimum, as shown in figure 2(b) . The different widths of both potential wells are caused by the effect of gravity. In the limit of high power and ion density, gravity becomes negligible compared with the other forces and the potential profile gets more symmetric for each value of θ . However, then also the energy gain required to overcome the central maximum increases and fewer particles will gain enough energy by the phase kick. In the limit of low power and ion density, the importance of gravity relative to the other forces increases. Then, more particles can be transported to the top electrode, but their chance to be captured in the upper potential well decreases due to the smaller width of this well. Thus, we expect distinct intermediate discharge conditions to realize optimum sheath-to-sheath transport of a large number of dust particles. Alternatively, gravity could be compensated by thermophoretic forces, i.e. by heating the bottom electrode, to make the potential profile more symmetric. Optimizing the sheath-to-sheath transport, however, remains a topic for future investigations outside the scope of this work reporting only the transport mechanisms and its physical causes.
Conclusion
We have proposed a novel dust particle transport manipulation method using the electrical asymmetry effect. By changing the phase between two consecutive driving frequencies, the maximum sheath voltage and width at the bottom electrode are changed. In this way the force on the dust particles can be controlled. By abruptly changing the phase from 90
• to 0 • the dust particles initially located at the sheath edge are strongly accelerated toward the top electrode and can be transported from one sheath to the other. As the mean free path of the microparticles is much longer than the electrode gap, they bounce back and forth between both sheaths, while being decelerated by collisional friction. Finally, they reside inside the potential well at either the top or the bottom sheath edge. The probability for residing at the top sheath is determined by the width of the upper potential well and, thus, by the relative amplitude of the gravitational force compared with the other forces acting on the dust particles.
